The PI 3-kinase Vps34 (Pik3c3) synthesizes phosphatidylinositol 3-phosphate (PI3P), a lipid critical for both endosomal membrane traffic and macroautophagy. Human genetics have implicated PI3P dysregulation, and endosomal trafficking in general, as a recurring cause of demyelinating CharcotMarie-Tooth (CMT) peripheral neuropathy. Here, we investigated the role of Vps34, and PI3P, in demonstrations that autophagy is dispensable for myelination, it is unlikely that hypomyelination in Vps34 SCKO mice is caused by impaired autophagy. Endosomal trafficking is also disturbed in
. Oligodendrocytes and Schwann cells are the specialized glial cells which produce myelin in the CNS and PNS, respectively. Phosphatidylinositol 3,4,5-trisphosphate (PI[3,4,5]P 3 ), 3, 5] P 2 ), and 3-phosphate (PI3P) have each been demonstrated to play important roles in myelination (Goebbels et al., 2010; Sherman et al., 2012; Taveggia et al., 2005; Vaccari et al., 2011) .
Moreover, mutations in four PI phosphatases, myotubularin-related (MTMR) 2, MTMR5, MTMR13, and FIG4, have been identified as the causes of specific forms of demyelinating Charcot-Marie-Tooth (CMT) peripheral neuropathy (Bolino et al., 2000; Chow et al., 2007; Nakhro et al., 2013; Senderek et al., 2003) (Figure 1a ).
PI3P plays an important role in both endosomal trafficking and autophagy (Roberts and Ktistakis, 2013; Schink et al., 2016) . Highly enriched on early endosomes, PI3P recruits specific effector proteins, many of which contain FYVE or PX domains (Raiborg, Schink, & Stenmark, 2013) . Depletion of PI3P delays the traffic of proteins through endosomes (Schink et al., 2016) . PI3P also plays a key role in autophagosome formation (Roberts and Ktistakis, 2013) . In mammalian cells, the majority of PI3P is thought to be generated via the phosphorylation of PI by the class II and III PI 3-kinases (PI3Ks) (Devereaux et al., 2013; Schink et al., 2016) (Figure 1a ).
CMT-causing mutations and studies with gene knockout mice have indicated that PI3P dysregulation and endosomal-lysosomal dysfunction may be a common trigger for dysmyelination in the PNS (Jerath and Shy, 2015) . However, it is unclear which isoforms of PI3K are involved in generating PI3P in Schwann cells ( Figure 1a ). Moreover, a number of distinct pools of PI3P may be present in these cells. To begin to elucidate the roles of PI3P, endosomal trafficking, and autophagy in myelinating Schwann cells, we have examined the role of the PI3K Vps34 (Pik3c3) in mice. Vps34 is the sole member of the class III PI3K sub-family; a homolog has been identified in most eukaryotes (Backer, 2008; Raiborg et al., 2013) . Vps34 is involved in endosomallysosomal trafficking, autophagy, and cellular responses to nutrient availability (Backer, 2008) . The role of Vps34 in specialized mammalian cells and tissues, however, remains unclear. Recently, investigators have begun using conditional alleles of Vps34 to examine protein function in specific mouse cell types (Bechtel et al., 2013; Devereaux et al., 2013; Jaber et al., 2012; Willinger and Flavell, 2012; Zhou et al., 2010) .
Given the potential roles of PI3P, endosomal trafficking, and autophagy in myelinating Schwann cells, we sought to determine the function of Vps34 in this unique cell type. We generated a mouse line in which Vps34 is specifically deleted in Schwann cells and show that this mutation leads to delayed radial sorting of axons and arrested myelination. Despite reaching the promyelinating stage, Schwann cells that lack Vps34 are inefficient at generating myelin sheaths. We also found that both the autophagic and endosomal pathways are disturbed in Schwann cells that lack Vps34. Lastly, we assessed the impact of Vps34 loss on the activation of the ErbB2/3 receptor tyrosine kinases (RTK), which play essential roles in Schwann cell myelination, and are known to traffic though endosomes. ErbB2/3 showed abnormal posttranslational modifications in Vps34-deficient nerves, suggesting that deranged endosomal trafficking of these kinases has altered their FIG URE 1 Schwann cell-specific deletion of Pik3c3/Vps34. (a) Biochemical pathway for the regulation of PI3P, PI(3,5)P 2 , and PI5P abundance by PI kinases and PI phosphatases. Loss-of-function mutations in the phosphatases in grey boxes cause the indicated forms of demyelinating CMT. Although the PI 5-phosphatase FIG4 is capable of dephosphorylating PI(3,5)P 2 , the predominant role of this enzyme in mammalian cells is the promotion of PIKFYVE kinase activity. (b) The mouse Pik3c3/Vps34 conditional deletion allele used in this study (Zhou et al., 2010) , respectively. The protein loading control was either beta-tubulin (P3 and P7) or GAPDH (P21). Each sciatic nerve extract (the biological replicate) was prepared by homogenizing the (pooled) nerves from three mice of the same genotype at P3 or P7, and one or two mice at P21. (d) Immunoblot analysis of brain extracts from control and Vps34 SCKO mice at 14 weeks indicated no significant change in Vps34 protein levels (n 5 3 mice; beta-tubulin was the protein loading control (Zhou et al., 2010) . In the presence of Cre recombinase, exons 17 and 18 are removed and the Vps34 protein is not expressed (Devereaux et al., 2013; Zhou et al., 2010 (Feltri et al., 1999) , which were congenic on the C57BL/6 background. The P0-Cre transgene was detected by PCR with oligonucleotides ALO-5 (P0-F; CACCACCTCTCCATTGCAC) and ALO-6 (P0-R; GCTGGCCCAAATGTTGCTGG). Vps34 fl/fl mice were previously found to be indistinguishable from wild type mice (Zhou et al., 2010) . Control mice were either Vps34 fl/fl (P0-Cre
Phenotyped mice were the products of crosses between Vps34 fl/fl (N4 on C57BL/6) and Vps34 1/fl P0-Cre 1 (N5 on C57BL/6) mice.
Phenotypic analyses were performed on littermates, whenever possible. Mice of either sex were used in all experiments. All work with animals was approved by and conformed to the standards of the Oregon Health and Science University Institutional Animal Care and Use Committee.
| Morphology
Preparation of mouse sciatic nerves for electron microscopy (EM), or for light microscopy of toluidine blue-stained nerve sections, was as previously described (Ng, Logan, Schmidt, & Robinson, 2013) . EM and light microscopy imaging were also as previously described in Ng et al. (2013) . Toluidine blue sections were imaged at 633 on a Zeiss ApoTome microscope. Two cross sections of the sciatic nerve (one from each nerve) were analyzed per mouse; 4-7 mice of each genotype were analyzed per time point. The entire sciatic nerve cross-section was imaged using a tiling function and the acquired images were stitched together into a single file.
Toluidine blue stained cross-sections were used to determine g ratio by measuring the axonal circumference and dividing that number by the circumference of the outer edge of the myelin sheath. The diameter of each corresponding axon was found by dividing axon circumference by p. For g ratio analysis, axons from throughout the entire nerve cross-section were sampled; 100 axons per mouse). In P3 nerves, g ratio on all possible round, myelinated axons was measured (60-100 axons per mouse).
For total axon counts, toluidine blue stained cross sections were analyzed. At P56, four cross sectional areas (two each from the left and right nerve) of 100 lm 2 per animal were analyzed (four to five animals of each genotype). Axons 1 lm in diameter and in a 1:1 relationship with a Schwann cell were counted, whether myelinated or not. For P56, about 20-28% of the entire transverse fascicular area (TFA) was counted. For P21 axon counts, total axons 1 lm were counted in 30% of the complete TFA of each mouse (n 5 4) on two cross sections (left and right sciatic nerve). For axon counts in P3 and P7 mice, the entire TFA was counted in four to seven mice per genotype. Every axon that was in a 1:1 relationship with a Schwann cell was counted in two cross-sections (right and left sciatic nerve), and the average of the two sections was calculated. An additional analysis of total large caliber axon number at P7 was performed using EM images (8903 magnification; 8-16 images per animal) (Supporting Information Figure S3f ).
The total number of axons in 1:1 relationships with Schwann cells (myelinated or not) was determined. On average, 42% of the TFA was analyzed for each mouse (n 5 5 for control; n 5 4 for Vps34 SCKO ). Once the axon count for a significant fraction of the nerve was established, this number was scaled based on total nerve area to generate a predicted total axon count for the nerve.
For analysis of axon bundles at P7, EM images of 8903 magnification were analyzed. A bundle was defined as any assortment of axons in contact with, but not in a 1:1 relationship with a Schwann cell. The area of the axonal portion of the bundle was measured; the area of the associated Schwann cell nucleus, cytoplasm and any significant processes was excluded. An average of 74 bundles (from about seven 8903 images) were measured per mouse (n 5 5 for control; n 5 4 for
Vps34 SCKO
). The number of large caliber axons per bundle was also determined in P7 sciatic nerves. An average of 30 bundles per mouse was analyzed from five control and four Vps34 SCKO mice. A large caliber axon was defined as such if the average of long and short axes was above 1 lm and the smallest of these two measures was above 0.35 lm. EM images were analyzed using Fiji (Schindelin et al., 2012) .
To assess axon sorting at P3, randomly selected 14003 EM images were analyzed from three control and three Vps34 SCKO mice. 
| Rotarod test
Six-to seven-week-old male and female mice were placed on an elevated, accelerating, rotating rod (Economex model 0207-003M, Columbus
Instruments, Columbus, Ohio; rod diameter, 7 cm), which began rotating at 5 rpm at the start of the test. The rotation speed of the rod accelerated at a rate of 0.5 rpm/s and the latency to fall (in seconds) was recorded.
Each mouse underwent three trials per day, with no delay between trials, on three consecutive days. On the third day, the three trials were averaged and plotted on a bar graph (n 5 5 control; n 5 13 for Vps34 SCKO .
| Immunofluorescence
P21 mice were perfused with 4% paraformaldehyde (PFA) and nerves were subsequently processed as described previously in Ng et al. (2013) , with the exception that 10 lm thick longitudinal sections were analyzed.
Primary antibodies used were guinea pig antiSox10, a gift from Dr.
Michael Wegner, and rabbit antiKrox20 (Covance 
| Immunoblotting
Immunoblotting of sciatic nerve and brain extracts was performed as previously described in Ng et al. (2013 
| Statistics
GraphPad Prism 5 was used for all statistical analyses. Unpaired t tests (two-tailed) were used to evaluate significance, except in Figure 8 , where unpaired t tests with Welch's correction were used.
To selectively inactivate Vps34 in Schwann cells, Vps34 Figure S1 ). At P21, Vps34 protein was reduced to about 37% of control levels in Vps34 SCKO sciatic nerves ( Figure 1c and Supporting Information Figure S1 ). The remaining Vps34 protein in Vps34 SCKO nerves can be accounted for by cell types other than Schwann cells, including axons, fibroblasts, and endothelial cells. A similar degree of targeted protein persistence in sciatic nerves has been reported when using Schwann cell-specific Cre drivers and whole nerve extracts (Beirowski et al., 2014; Gomez-Sanchez et al., 2015; Jang et al., 2015; Nodari et al., 2007; Sherman et al., 2012) . Vps34 protein levels in mutant brain tissue were similar to controls (Figure 1d ),
consistent with the documented Schwann cell specificity of the P0-Cre transgene (Feltri et al., 1999 (Figure 1f ).
| Loss of Schwann Cell Vps34 Leads to Arrested Myelination
To evaluate the role of Vps34 in myelination, we examined sciatic nerves from control and Vps34 SCKO mice at P3, P7, P21, and P56 ( 
| Abnormal Interactions between Vps34-Deficient Schwann Cells and Axons
To elucidate how the loss of Schwann cell Vps34 leads to hypomyelination, we examined postnatal Schwann cell-axon interactions in the mutant mice. Radial axonal sorting, a developmental process by which Schwann cells select larger axons for myelination, is ongoing between E12.5 and P10 (Feltri, Poitelon, & Previtali 2016; Grove et al., 2007; Jessen, Mirsky, & Lloyd, 2015; Monk, Feltri, & Taveggia, 2015) . ing Schwann cell processes. Schwann cells will subsequently extract such axons from bundles, an event required for myelination (Feltri et al., 2016; Grove et al., 2007; Jessen et al., 2015; Monk et al., 2015; Nodari et al., 2007) . In P3 Vps34 SCKO sciatic nerves, we found radial sorting and axo-glial interactions to be largely normal (Supporting Information Figure S2 ), consistent with our finding that endo-lysosomal vacuole formation was not observed at this stage ( Figure 2a ). The only abnormality that we discerned at P3 was a limited number of giant axon bundles in most, but not all, Vps34 SCKO nerves (Supporting Information Figure S2 ). These abnormal bundles, which were not observed 
| Delayed Radial Sorting and Persistent Hypomyelination in the Absence of Schwann Cell Vps34
We considered whether the abnormal axo-glial associations and delayed myelination observed at P7 would be resolved as Vps34 (not shown). Basal lamina proliferation is a feature of congenital hypomyelinating neuropathies, which typically also show fewer "onion bulb" Schwann cell processes than neuropathies characterized by demyelination/remyelination (Wrabetz, Feltri, Kleopa, & Scherer, 2004 ). We did not observe onion bulbs in the nerves of Vps34 SCKO mice at P21, P56, or 9 months (not shown). Moreover, myelin debris was very rare in Vps34 SCKO nerves (Supporting Information Figure   S4 ), suggesting that the observed hypomyelination is not a consequence of demyelination. A modest number of particularly thin myelin sheaths, suggesting either delayed initial myelination or remyelination, were observed in mutant nerves at P21, (Figure 4n ). In aggregate, the data lead us to conclude that the unmyelinated and hypomyelinated axons in mutant nerves at P21 and P56 are more likely the result of failed or weak initial myelination, rather than demyelination followed by remyelination.
Changes to axons, including axonal degeneration, are a feature of some forms demyelinating CMT caused by mutations in myelin proteins (Martini, 2001; Watson, Nachtman, Kuncl, & Griffin, 1994) . Likewise, genetic mutations in mice that cause hypomyelination or other Schwann cell abnormalities trigger decreased neurofilament phosphorylation, altered stoichiometry of axonal neurofilament proteins, impaired axonal transport, and axonal degeneration (de Waegh, Lee, & Brady, 1992; Martini, 2001; Yin et al., 1998) . We therefore considered whether the absence of myelin (or hypomyelination) might lead to changes in the axons of Vps34 SCKO mice. Although normal at P3/P7, NF-L levels were significantly lower in Vps34 SCKO nerves at P21 and P56 (Figure 4o ). The levels of total NF-H, as well as those of phosphorylated NF-H, detected using the SMI-34 antibody, were reduced to a similar extent in mutant nerves (Figure 4p ). We also employed the SMI-32 antibody, which reports the abnormal dephosphorylation of NF-H at a distinct epitope. The level of dephosphorylated NF-H detected in mutant nerves was not altered (Figure 4p ). However, when one considers the reduction in total NF-H protein in mutant nerves, our data suggest that NF-H is hypophosphorylated on SMI-32 epitopes. Thus, the absence of Vps34 in Schwann cells triggers changes in axons, presumably due to the absence of myelin or other Schwann cell abnormalities. Immunoblot analysis of myelin proteins in sciatic nerves. At P3, the levels of MBP and MAG are similar in control and Vps34 SCKO nerves. By P7, mutant nerves contain slightly reduced MBP and significantly decreased MAG. Both MBP and MAG are significantly reduced at P21 and P56 (n 5 3 lysates). The data are mean 6 SEM (n.s., not significant; ***p < .001; ****p < .0001). [Color figure can be viewed at wileyonlinelibrary.com]
Despite the observed changes in neurofilaments, our morphological studies indicate no loss of large axons at these times points (Supporting Information Figure S3c) . A comprehensive analysis of axon diameter in P21 nerves showed a trend toward decreased axon caliber in mutants,
suggesting that hypomyelination in Vps34 SCKO nerves has limited the radial growth of axons (Supporting Information Figure S5 ). The decreased levels of neurofilament proteins in Vps34 SCKO nerves at P21
and P56 likely result from reduced axon caliber, a known consequence of demyelination (Friede and Samorajski, 1970; Hoffman, Griffin, & Price, 1984; Windebank, Wood, Bunge, & Dyck, 1985) .
| Hyperproliferation of Vps34-deficient Schwann cells
Appropriately regulated Schwann cell proliferation and differentiation are critical for myelination . Given the stalled
| 1459 myelination in Vps34 SCKO nerves, we examined the proliferation of Schwann cells using Ki67 immunofluorescence ( Figure 5 ). The percentage of proliferating Schwann cells in mutant nerves was not significantly different from that of controls at P7, but was significantly elevated by P14 (Figure 5a-c) . Consistent with excessive Schwann cell proliferation and growth after P7 in Vps34 SCKO nerves, ribosomal protein S6, and its phosphorylated form (pS6), were not significantly altered at P7, but were dramatically upregulated by P21 (Figure 5d ).
| Transcriptional regulation of myelination in Schwann cells lacking Vps34
To assess the capacity of Vps34 Sox10, but not Krox20 (Svaren and Meijer, 2008) . Schwann cells lacking Krox20 do not express late myelin genes, such as P0 and MBP, and fail to form myelin altogether (Le et al., 2005; Topilko et al., 1994) . At P21, the number of Krox20 1 nuclei was not significantly different in However, Vps34 SCKO nerves showed a striking, 10-fold increase in Sox10 1 cells lacking Krox20 expression (Figure 6a,c) . Moreover, the level of Oct6, which is normally significantly down-regulated by P16 (Jaegle et al., 2003) , was dramatically elevated in Vps34 SCKO nerves at P21 (Figure 6d) Figure 6 ). Our findings are in accord with other work on Schwann cell proliferation. First, unmyelinated axons are believed to provide a mitogenic signal to Schwann cells (Atanasoski, Scherer, Nave, & Suter, 2002) . Moreover, Schwann cell hyperproliferation is a prominent feature in the nerves of CMT patients, as well as in mouse models of demyelinating CMT1A (Atanasoski et al., 2002; Robertson et al., 2002; Suter et al., 1992 ).
Although we found no evidence of axonal degeneration in Vps34 SCKO nerves, EM analyses revealed the presence of a modest number of monocytes/macrophages within the endoneurium at P21
(Supporting Information Figure S4 
| Autophagic abnormalities in Schwann cells lacking Vps34
Having concluded that Vps34 plays an important role in myelination and Schwann cell-axon interactions, we considered how potential disturbances in endosomal trafficking or autophagy-two processes requiring Vps34-generated PI3P (Backer, 2008) -might lead to these phenotypes. At an early step in macroautophagy, PI3P is generated by Vps34 on pre-autophagosomal membrane structures (Roberts and Ktistakis, 2013 ). On these membranes, PI3P brings about the recruitment of the Atg5-Atg12-Atg16 complex, which catalyzes the lipidation of LC3-I and its subsequent localization to the expanding autophagosomal membrane (Roberts and Ktistakis, 2013) . Previous work has demonstrated that loss of Vps34 leads to a significant reduction in the formation of autophagosomes (Devereaux et al., 2013; Roberts and Ktistakis, 2013) , but this area has not been investigated in Schwann cells. To evaluate autophagy in Vps34 SCKO sciatic nerves, we examined the levels of the LC3 and p62/SQSTM1 proteins. When autophagy is activated, LC3-I is coupled to phosphatidylethanolamine, yielding the membrane-associated LC3-II isoform, which is incorporated into and 4 for control and Vps34 SCKO mice, respectively; n.s., not significant; ***p < .001; mean 6 SEM). Scale bar: 100 mm. (D) Upregulation of ribosomal protein S6 in the nerves of Vps34 SCKO mice. Phospho-S6 (Ser235/236) and total S6 protein levels in sciatic nerves were compared by immunoblotting. At P7, the levels of phospho-S6 and total S6 were not significantly different in the nerves of control and Vps34 SCKO mice. Total S6 protein (arbitrary units); p 5 .1806; phospho-S6 protein (arbitrary units); p 5 .4390; n 5 4 and 3 lysates for control and Vps34 SCKO , respectively. However, by P21, both total S6 and phospho-S6 protein were significantly increased in Vps34 SCKO nerves compared with controls (n 5 2 and 3 lysates for control and Vps34 SCKO , respectively). [Color figure can be viewed at wileyonlinelibrary.com] growing autophagosomes, and is proportional to the number of autophagosomes (Klionsky et al., 2012) . The levels of LC3-I/II were significantly increased in Vps34 SCKO nerves beginning at P7 (Figure 7b-d ).
P62 is a cargo receptor which promotes the degradation of ubiquitinated proteins by the autophagosome (Klionsky et al., 2012) . We observed elevated levels of p62 in the nerves of Vps34 SCKO mice beginning at P7 (Figure 7b-d) .
Our results indicate that autophagy is significantly impaired in
Vps34
-/-Schwann cells. In the absence of PI3P, autophagic isolation membranes do not mature into functional autophagosomes, despite LC3-II formation (Roberts and Ktistakis, 2013 et al., 2015) . In contrast to what we observe in Vps34 SCKO mice, radial sorting and myelination were found to be normal in Atg7 SCKO mice (Gomez-Sanchez et al., 2015; Jang et al., 2015) . Given that genetic inactivation of autophagy has no impact on Schwann cell myelination, the phenotypes we observe in Vps34 SCKO nerves are unlikely to result from impaired autophagy.
| Schwann cell Vps34 is essential for endosomal-lysosomal membrane homeostasis
To assess the importance of Vps34 and PI3P for trafficking in Schwann cells, we compared the levels of early and late endosomal/lysosomal proteins in the nerves of control and mutant mice. The Rab5 effector, EEA1, binds to PI3P and facilitates homotypic fusion of early endosomes, a process essential for trafficking (Raiborg et al., 2013) .
Lysosomal-associated membrane protein 1 (LAMP1) is integral to late endosomes (LEs) and lysosomes. At P3, EEA1 and LAMP1 levels were similar in control and Vps34 SCKO sciatic nerves (Figure 7a ). In contrast, mutant nerves analyzed at P7 and thereafter contained significantly elevated levels of LAMP1 (Figure 7b-d) . EEA1 levels were also significantly elevated in Vps34 SCKO nerves by P21 (Figure 7c,d) . Thus, the loss of Schwann cell Vps34 disturbs membrane traffic through the endosomal-lysosomal pathway. The accumulation of such membranes is likely triggered by the absence of PI3P, which leads to the slowing of specific membrane fusion and budding events along the pathway from initial endocytosis to the lysosome (Raiborg et al., 2013) (Figure 9 ; discussed further below).
3.9 | Altered ErbB2/3 signaling in the absence of Schwann cell Vps34
As endosomal-lysosomal abnormalities are first observed in Vps34
Schwann cells at P7, we reasoned that the initial deficits in the trafficking of membrane proteins might be discernable at this time point. Further, given the stalled myelination and altered axo-glial interactions observed at P7, we considered whether the loss of Vps34 might alter the trafficking and signaling of Schwann cell membrane proteins critical to myelination, such as ErbB2/3 and integrins, which are known to traffic through endosomes (Feltri et al., 2016; Newbern and Birchmeier, 2010) .
Given the critical role of the ErbB2-ErbB3 RTK in myelination, we investigated whether the activation or trafficking of these kinases might be altered in Vps34 SCKO mice. Phosphorylation of ErbB3 on Tyr1289, which correlates with neuregulin 1 (Nrg1) exposure and ErbB2 activation, was significantly increased in Vps34 SCKO nerves (Figure 8a-d) . Consistently, the relative phosphorylation of ErbB2 on Tyr1248 was increased, albeit not to a statistically significant extent (Figure 8a , Supporting Information Figure S6d) . A more notable change in ErbB2 was a decrease of about 50% in the overall abundance of the protein at P7, consistent with altered kinase turnover (Figure 8a ,e).
Strikingly, both ErbB2 and ErbB3 possessed higher apparent molecular weights in mutant nerves, a feature which was subtle at P7, but readily apparent at P21 (Figure 8a,b) .
Collectively, our findings suggest that the loss of Vps34 has altered the trafficking of ErbB2/3 through endosomes. In Vps34 ) At P21 and P56, significant increases in the levels of LC3-I/II, p62, Lamp1, and EEA1 protein were observed in Vps34 SCKO nerves. At each age, the average control value for a given protein was normalized to 1 (n.s., not significant; *p < .05; **p < .01; ***p < .001; ****p < .0001; mean 6 SEM). For all ages, n 5 3 independent extracts per genotype. Each sciatic nerve extract (the biological replicate) was prepared by homogenizing the (pooled) nerves from three mice of the same genotype at P3 or P7, and one mouse at P21 and P56
hyper-phosphorylated forms of ErbB2/3, which would normally be sorted into multivesicular bodies (MVBs) by the PI3P-dependent Hrs/ Vps27-ESCRT pathway for degradation in the lysosome (Futter et al., 2001; Raiborg et al., 2013) (Figure 9 ). Other post-translational modifications, such as ubiquitination (Ub), might also be partially responsible for the increased apparent molecular weights of ErbB2/3 in Vps34 SCKO nerves. The endosomal sorting of ErbB receptors into the MVB/LE pathway to the lysosome involves the tagging of receptors with ubiquitin (Sorkin and Goh, 2009 ). Hrs/Vps27, which binds simultaneously to PI3P
and ubiquitin, recruits the ESCRT complex to drive sequestration of activated receptors in the lumen of the MVB, thus terminating kinase signaling and routing the receptor to the lysosome (Sorkin and Goh, 2009) ( Figure 9 ). Last, impaired endosomal recycling of ErbB receptors could also contribute to the abnormal post-translational modifications we observe, perhaps by preventing the normal dephosphorylation of ErbB2/3 (Figure 9 ) (Sorkin and Goh, 2009 ).
As a downstream target of ErbB2/3, the PI3K-Akt kinase pathway plays a key role in Schwann cell myelination (reviewed in Norrmen and Suter, 2013; Salzer, 2015; Wood et al., 2013) . However, we found that Akt activation, as reported by phosphorylation of Thr308 and Ser473, was not significantly altered in Vps34 SCKO nerves (Figure 8f , Supporting Information Figure S6 ). The activation of another downstream signaling pathway, Erk1/2, was also unaltered in Vps34 SCKO nerves (Supporting Information Figure S6 ). The c-Jun N-terminal kinase (Jnk)/stress-activated protein kinase pathway is also activated downstream of ErbB2/3 in Schwann cells; Jnk activation has been shown to promote Schwann cell proliferation and migration (Parkinson et al., 2004; Yamauchi, Miyamoto, Chan, & Tanoue, 2008) . We found that Jnk activation was significantly decreased in nerve extracts from Vps34 SCKO mice (Figure 8f,g and Supporting Information Figure S6 ), suggesting that signaling from ErbB2/3 to Jnk is deficient in the absence of Vps34.
Given the crucial role of the integrin pathway in radial sorting (reviewed in Feltri et al., 2016; Monk et al., 2015) , we considered whether deranged endosomal trafficking in Vps34 -/-Schwann cells might lead to abnormal integrin trafficking and reduced FAK activation.
However, we found that FAK phosphorylation on Tyr397, which correlates with kinase activation, was similar in Vps34 SCKO and control nerves (Supporting Information Figure S6 ), suggesting that the FAK pathway is not affected by the loss of Vps34 and associated trafficking defects. In summary, our results suggest that the loss of Vps34 alters the and P21 sciatic nerve extracts with the indicated antibodies and quantifying the relative amounts of activated (phosphorylated) forms compared with total protein levels. Two (replicate) lanes for each genotype are shown. At P7 and P21, the ErbB2 and ErbB3 proteins from Vps34 SCKO nerve extracts migrated more slowly in SDS-PAGE gels than the same proteins from control extracts, suggesting altered posttranslational modifications. (c,d) The ratio of activated ErbB3 (pY1289) to total ErbB3 was significantly increased in Vps34 SCKO nerve extracts at both P7 and P21. Activated ErbB2 (Y1248) was undetectable in P21 nerve extracts. (e) Vps34 SCKO nerves contained significantly decreased levels of total ErbB2 protein at P7. (f) The activation of downstream targets of ErbB2/3, Akt, and Jnk, was assessed by immunoblotting P21 sciatic nerve extracts and quantifying the relative level of activated (phosphorylated) forms compared with total protein levels. Akt phosphorylation at Thr308 or Ser473 was not significantly changed in Vps34 SCKO nerves. In contrast, the level of doubly phosphorylated Jnk (Thr183-Tyr185) was significantly reduced in Vps34 SCKO nerves. (g) Quantification of suppressed Jnk phosphorylation. Each sciatic nerve extract (the biological replicate) was prepared by homogenizing the (pooled) nerves from three mice of the same genotype at P7, and one or two mice at P21. For P7, n 5 4 and 3 independent nerve extracts from control and Vps34 SCKO mice, respectively. For P21, n 5 3 and 4 independent nerve extracts from control and Vps34 SCKO mice, respectively (n.s., not significant; *p < .05; **p < .01; mean 6 SEM)
trafficking of a subset of Schwann cell membrane proteins through endosomes.
| DISCUSSION
Relatively little is known about how the endosomal trafficking of proteins and lipids regulates Schwann cell myelination. However, mutations in eight different endosomal proteins cause demyelinating CMT (Jerath and Shy, 2015) . Although the specific functions of FRABIN/ FGD4, SH3TC2, MTMR2, MTMR5, MTMR13, FIG4, SIMPLE/LITAF, and Dynamin 2 (Dnm2) are still being determined, their association with human disease suggests that Schwann cell myelination is susceptible to subtle disturbances in endosomal-lysosomal trafficking (Jerath and Shy, 2015; Lee, Chin, & Li, 2017; Scherer and Wrabetz, 2008 nerves show altered post-translational modification of ErbB2/3, a tyrosine kinase heterodimer known to traffic through endosomes (Sorkin and Goh, 2009 ). Here, we discuss cellular mechanisms by which Vps34 deletion may cause the observed peripheral nerve pathology.
| Endosomal trafficking of transmembrane signaling receptors
One mechanism by which endocytic trafficking may regulate myelination is by controlling which signaling and adhesion proteins Schwann cells express on their plasma membranes before and during induces receptor heterodimerization and stimulates ErbB2 kinase activity. ErbB2 phosphorylates both itself and ErbB3, creating phosphotyrosinebased docking sites for downstream signaling proteins (lightning bolt). Activation of ErbB2/3 triggers internalization by clathrin-mediated endocytosis. Fusion of ErbB2/3 containing vesicles with early endosomes requires PI3P, which is produced by Vps34, and requires EEA1 and Rab5 (Step 1) (Simonsen et al., 1998) . Internalized ErbB2/3 heterodimers likely continue to signal from endosomal compartments, and can be recycled from endosomes to the cell membrane. On endosomes, ubiquitination of ErbB2/3 targets the heterodimer for sorting into MVBs. In a second Vps34-dependent step, PI3P recruits Hrs, which binds concomitantly to ubiquitin on ErbB2/3. Hrs recruits the ESCRT complex, which drives the budding event that generates the receptor-containing internal vesicles of MVBs (
Step 2) (Fernandez-Borja et al., 1999) . Once in MVBs, ErbB2/3 signaling is terminated (Lee et al., 2017) . PI3P also mediates early-to-LE maturation through the recruitment of Rab7 (Poteryaev, Datta, Ackema, Zerial, & Spang, 2010 ) (Step 3). ErbB2/3 receptors are degraded when LEs fuse with LAMP1-positive lysosomes (Lee et al., 2017) . We propose that, in Vps34 -/-Schwann cells the depletion of PI3P results in a slowing or blockade of trafficking Steps 1, 2, and 3 (red dashed lines). Such trafficking defects are predicted to reduce the fusion of ErbB2/3-bearing endocytic vesicles with early endosomes (Step 1), and prevent the sorting of phosphorylated ErbB2/3 into MVBs (
Step 2). This proposed abnormal trafficking of ErbB2/3 is consistent with our observations of both enhanced phosphorylation of ErbB3 on Y1289 and altered post-translational modification of ErbB2 in Vps34 SCKO peripheral nerves. Vps34 for elaborating myelin membranes after committing to this phenotype (Salzer, 2015) .
There is in vitro evidence for the essentiality of Schwann cell endocytosis for myelination (Sidiropoulos et al., 2012) . Mutations in Dnm2
cause dominant intermediate CMT (DI-CMT). Dynamins are membrane-associated GTPases which facilitate the scission of endocytic vesicles from the plasma membrane (Schink et al., 2016) . The expression of DI-CMT-causing variants of Dnm2 in Schwann celldorsal root ganglion co-cultures was shown to impair endocytosis, and to suppress myelination (Sidiropoulos et al., 2012) . Moreover, the endocytosis of several key membrane proteins (b 1 -integrin, ErbB2, and transferrin receptor) was reduced following the expression of diseasecausing variants of Dnm2 in Schwann cell lines.
We explored how the in vivo signaling of surface receptors might be affected when Schwann cell endosomal trafficking is disturbed by Vps34 deletion. In mutant nerves, we observed hyperphosphorylation of ErbB3 on a tyrosine residue known to be phosphorylated by its binding partner, ErbB2, following exposure to axonal Nrg1 (Sorkin and Goh, 2009 ). ErbB2 levels and post-translational modifications were also altered in Vps34 SCKO nerves. We propose that these alterations to ErbB2/3 result from abnormal trafficking of the heterodimer through endosomes.
The described alterations to ErbB2/3 were observed both during initial myelination (P7) and when myelination is normally complete (P21). Thus, in Vps34 -/-Schwann cells, the ErbB2/3 heterodimer may have signaled abnormally during a period when its activity is critical for myelination (P7 and before) (Newbern and Birchmeier, 2010 Given the importance of ErbB2/3 signaling to Schwann cell myelination, abnormal trafficking of these receptors has been proposed as a common pathogenic mechanism linking multiple subtypes of demyelinating CMT (Lee et al., 2017 ). An example of such dysregulation is found in SH3TC2, a likely endosomal scaffold protein which is mutated in CMT4C. SH3TC2 has been shown to bind to ErbB2 and alter ErbB2/3 signaling (Gouttenoire et al., 2013 (Monk et al., 2015) . Finally, additional adhesion molecules known to be involved in radial sorting, such as dystroglycan or Gpr126, could potentially be affected by the altered endosomal trafficking of
Vps34
-/-Schwann cells (Berti et al., 2011; Mogha et al., 2013) . It is important to note that the delayed radial sorting we observe in Vps34 SCKO mice is less significant than the radial sorting arrest caused by Schwann cell-specific deletion of ILK, FAK, b1-integrin, or Gpr126 (Feltri et al., 2002; Grove et al., 2007; Mogha et al., 2013; Pereira et al., 2009) , suggesting that the signaling pathways controlling radial sorting may be subtly affected in our mutant mice. Further studies will be required to determine how disturbed endosomal trafficking in Vps34
Schwann cells leads to delayed radial sorting.
Loss of function mutations in more than 30 mouse genes have been shown to trigger radial sorting defects (Feltri et al., 2016) . Mutations affecting different stages of radial sorting lead to distinct nerve pathologies. The hallmark of an early radial sorting delay/arrest is the presence of large bundles of axons of mixed caliber (Feltri et al., 2016) .
In contrast, small bundles with large axons retained at the periphery, indicates a late radial sorting arrest/delay. Polyaxonal myelination, in which Schwann cells aberrantly myelinate bundles of small axons, results from premature differentiation of Schwann cells (Feltri et al., 2016) . Finally, radial sorting deficits can be specific to Remak bundles.
In this case, defective differentiation of nonmyelinating Schwann cells is thought to preclude membrane process insertion into bundles of small axons (Feltri et al., 2016) . The sorting defect we observe in Vps34 SCKO mice is best described as a moderate, late radial sorting delay.
In summary, our findings suggest that the loss of Vps34, and the associated depletion of PI3P, affects the trafficking of a subset of (Schink et al., 2016) . Continued study of Vps34 SCKO mice will likely provide additional insights into the role of endosomal trafficking in myelination.
| Bulk endosomal-lysosomal transport of myelin membranes
A second mechanism by which Vps34 deletion may inhibit myelination is by disturbing the overall balance of endocytosis and exocytosis of myelin membranes, which are enriched in specialized lipids and proteins. This aspect of myelin biogenesis has been largely studied in oligodendrocytes, and it remains to be determined if similar mechanisms operate in Schwann cells (Simons and Trotter, 2007) . Proteolipid protein (PLP) is the most abundant protein in CNS myelin. In oligodendrocytes, some myelin membrane components, such as PLP, cholesterol, and galactosylceramide are preassembled into small membrane domains as they traffic though the Golgi apparatus (Simons and Trotter, 2007) . Such membranes are thought to be delivered to the growing myelin sheet by secretory vesicular trafficking. This vectorial delivery of partially assembled myelin membranes from the trans-Golgi to the plasma membrane is believed to occur in Schwann cells as well (Simons and Trotter, 2007) . After delivery to the plasma membrane, small myelin domains are thought to be clustered together through the action of MBP (Simons and Trotter, 2007) .
It has been proposed that regulating the balance of endocytosis and exocytosis provides an additional mode of myelin production (Simons and Trotter, 2007) . In immature oligodendrocytes, plasma membrane-associated PLP is endocytosed and accumulates in LEs (Trajkovic et al., 2006) . Exposure of these cells to axons suppresses endocytosis and triggers exocytosis of PLP-laden membranes from LEs into growing myelin membranes (Trajkovic et al., 2006) .
It is unclear whether an analogous mechanism for endosomal regulation of myelination operates in Schwann cells. However, myelin P0, the most abundant myelin protein in the PNS, has been reported to be enriched in LEs/lysosomes at the onset of myelination (P1) (Chen et al., 2012) . The same study found that elevating intracellular Ca 21 triggers exocytosis of lysosomes in cultured Schwann cells. Lysosome exocytosis in Schwann cells was found to be regulated by the Rab27a GTPase; loss of Rab27a in mice inhibited remyelination in injured adult nerves (Chen et al., 2012) . Thus, secretory lysosomes containing P0 may contribute to myelin delivery to the plasma membrane; this mechanism may be analogous to the regulated delivery of PLP from LEs in oligodendrocytes (Chen et al., 2012; Trajkovic et al., 2006) .
The altered endosomal-lysosomal membranes that we observe in
Vps34
-/-Schwann cells suggest that the endocytosis of myelin components, such as lipids and P0, might be impaired. Moreover, the transport of endocytosed myelin components from early endosomes to LEs/ lysosomes would very likely be suppressed in Vps34 -/-Schwann cells,
given the established role of PI3P in MVB formation and endosome maturation (Schink et al., 2016) (Fig. 9) . Consistently, we observe accumulation of EEA1, an early endosomal protein that appears to accumulate when MVB formation is impaired (Figure 9) . If the transport of myelin membranes and proteins to late endosomal/lysosomal depots was inadequate in Vps34 -/-Schwann cells, such components would be unavailable for exocytosis into growing myelin membranes. We speculate that such a mechanism could contribute to the hypomyelination we observe in Vps34 SCKO nerves. However, further studies will be required to clarify the roles of Vps34 and PI3P in the trafficking of myelin membrane components.
In summary, we demonstrate that Vps34, a kinase that generates 
